Mechanical stress promotes osteoblast proliferation and differentiation from mesenchymal stem cells (MSCs). Although numerous growth factors and cytokines are known to regulate this process, information regarding the differentiation of mechanically stimulated osteoblasts from MSCs in in vivo microenvironment is limited. To determine the significant factors involved in this process, we performed a global analysis of differentially expressed genes, in response to tensile stress, in the mouse cranial suture wherein osteoblasts differentiate from MSCs. We found that the gene expression levels of several components involved in bone morphogenetic protein, Wnt, and epithelial growth factor signalings were elevated with tensile stress. Moreover gene expression of some extracellular matrices (ECMs), such as cysteine rich protein 61 (Cyr61)/CCN1 and galectin-9, were upregulated. These ECMs have the ability to modulate the activities of cytokines and are known as matricellular proteins. Cyr61/CCN1 expression was prominently increased in the fibroblastic cells and preosteoblasts in the suture. Thus, for the first time we demonstrated the mechanical stimulation of Cyr61/CCN1 expression in osteogenic cells in an ex vivo system. These results suggest the importance of matricellular proteins along with the cytokine-mediated signaling for the mechanical regulation of MSC proliferation and differentiation into osteoblastic cell lineage in vivo.
Mechanical stress controls bone mass by affecting recruitment of osteoprogenitors as well as osteoblast differentiation from mesenchymal stem cells (MSCs) in the bone tissue (7, 8) . Elucidation of the precise mechanisms involved in the osteoblastogenesis stimulated by mechanical stress, especially the mechanism for osteogenic differentiation of MSCs, will contribute to the progress of regenerative medicine for effective production of bone tissue from MSC sources. Increasing evidence has revealed that the process of mechanical stress-stimulated osteoblastogenesis is controlled by many cytokines/growth factors (9, 32, 34, 36) . Especially bone morphogenetic protein (BMP) signaling and Wnt signaling play important roles in the development of osteoblasts from MSCs (5) , but the more relevant factors among these or
MATERIALS AND METHODS
Organ culture and mechanical force device. Methods for organ culture and the tensile stress device have been described previously (17) . Briefly, parietal bones including the mid-sagittal suture from 4-day-old ddY mice were dissected out and incubated in 24-well plates (Thermo Scientific Nunc A/S, Roskilde, Denmark) in the absence of stress (0 g, control) or with 0.2 g mechanical tensile stress applied by helical coiled springs (Fig. 1) . Incubation was carried out in BGJb medium (Gibco BRL, Life Technologies, Inc., Rockville, MD, USA) containing 10% fetal bovine serum (FBS; Nichirei Biosciences Inc., Tokyo, Japan), penicillin G (100 U/mL), and streptomycin (100 mg/mL), at 37°C and in 5% CO 2 atmosphere. The study was approved by the Animal Care and Use Committee, Okayama University.
RNA extraction. After incubation, cranial sutures were dissected free from the parietal bones under a dissection microscope and total RNA was extracted using an RNeasy Fibrous Tissue RNA Extraction Kit (Qiagen K.K., Tokyo, Japan) along with on-column DNase I treatment (RNase-free DNase kit, Qiagen). RNA quality was analyzed using a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA, USA). RNA samples that had RNA integrity number (RIN) values above 9.5 were considered acceptable. RNA from 10 to 20 non-stressed control or tensilestressed sutures was pooled as one sample for microarray analysis and subsequent real-time PCR analysis. Six such pairs of samples were generated for each of the 3 h and 6 h groups.
even the existence of any other significant factors is not clear. Furthermore, it is argued that the biological activities of these factors will be affected by extracellular matrix (ECM) (44) . ECM provides the physical environment as a scaffold for the cells to attach, which should affect strain sensing and differentiation. Moreover, some ECMs are known to modulate cell functions and have been termed as 'matricellular' proteins (3) . During the process of osteogenesis in vivo, MSCs proliferate and then differentiate into osteoblastic cell lineage in a microenvironment associated with a heterogeneous population of cells and ECMs, under the influence of cell-cell and cell-matrix interactions (8) . Therefore, for better understanding of the mechanism of mechanical stress-stimulated osteoblastogenesis, a global analysis needs to be performed to examine the cellular response to mechanical stress in a microenvironment similar to that found in vivo. Microarray technology enables the systematic analysis of gene expression, and several studies have utilized it to assess the regulation of in vivo gene expression by mechanical stress in bone tissues (28, 50, 51) . However, most of these studies have utilized long bones wherein bone formation occurs alongside bone resorption or remodeling. Thus, it seems difficult to pinpoint the factors specific for accelerated osteogenic differentiation using long bones. Therefore, to clarify the mechanism for mechanical stress-induced osteogenic differentiation of MSCs under the microenvironment similar to that found in vivo, we used an ex vivo experimental model of the cranial suture from young animals. Since bone modeling by intramembranous ossification is under progress in such immature cranial sutures, there are a number of undifferentiated osteoprogenitors and MSCs among the components of ECM as found in vivo (53) . We have previously investigated the effect of tensile stress on osteoblastogenesis using this model, and found increased gene expression of BMP-4 prior to an increase in preosteoblasts in the suture upon mechanical stimulation (17) . Here we used this ex vivo system and performed microarray analysis to find the significant factors stimulated by mechanical stretch, that affect osteoblastogenesis. We found that in addition to the increased gene expression of the proteins involved in BMP signaling and Wnt signaling, the expression of epithelial growth factor (EGF) family molecules was also upregulated. We further identified a prominent increase in gene expression of some components of the ECM, such as Cyr61/ CCN1 and galectin-9, which exert biological effects on osteoblastogenesis. in Table 1 . The temperature cycling conditions for each primer consisted of 30 s at 95°C followed by 40 cycles of 5 s at 95°C and 30 s at 60°C. The dissociation analysis was carried out over a range from 60°C to 95°C by monitoring SYBR green fluorescence. Data were analyzed using relative expression levels of target mRNA normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA levels.
Histochemical studies. After incubation, the cranial sutures were fixed with 4% paraformaldehyde solution in PBS overnight at 4°C, embedded in O.C.T. compound (Tissue-Tek ® , Miles, Inc., Elkhart, IN, USA) and 5-μm cryosections were cut using a Cryotome (Leica CM 1850; Leica Biosystems, Nussloch, Germany). For immunohistological analysis, the cryosections were preincubated in PBS containing 10% goat serum for 1 h at room temperature (RT) and then incubated with rabbit polyclonal antibody against human CCN1 (ab10760; Abcam, Japan) diluted 1 : 500 for 18 h at 4°C. After being washed with PBS, sections were incubated with biotinylated goat anti-rabbit IgG (1 : 200; Vector Laboratories, Inc. CA, USA) for 30 min at RT, rinsed with PBS, followed by incubation with Avidin-Biotin Peroxidase Complex (Vector Laboratories) for 30 min. Antigens were visualized with 3, 3'-diaminobenzidine tetrahydrochloride (DAB) solution containing 0.01% hydrogen peroxide. As negative control, non-immunized rabbit IgG or preabsorbed primary antibody against the CCN1 peptide used for immunization (ab24416; Abcam) was High-density oligonucleotide microarray and computational gene expression analyses. Gene expression was analyzed using a GeneChip ® system with a Mouse Genome 430 2.0 array (Affymetrix, Inc., Santa Clara, CA, USA). Samples for array hybridization were prepared as described in the Affymetrix GeneChip ® Expression Technical Manual. Briefly, 500 ng of total RNA were used to synthesize cRNA using a GeneChip ® 3' IVT Express Kit (Affymetrix). After fragmentation, biotin-labeled cRNA was allowed to hybridize to the array at 45°C for 16 h. The arrays were washed, stained with streptavidinphycoerythrin and scanned using a probe array scanner. The resultant hybridization intensity data were further analyzed using GeneSpring ® GX (Agilent Technologies) to extract the significant genes. To examine gene ontology, the data were analyzed using Ingenuity ® Pathway Analysis tools (IPA) (Ingenuity Systems, Inc., Mountain View, CA, USA) (45) . We used pooled RNA from three pairs of samples for one GeneChip microarray analysis and repeated it using another RNA pool from different three pairs.
Real-time quantitative PCR assay.
Complementary DNA was produced from total RNA using a Prime Script RT Reagent Kit (Takara Bio Inc., Shiga, Japan) with random hexamers and oligo-dT primers. Real-time quantitative PCR was performed in a StepOnePlus™ Real-Time PCR System (Applied Biosystems Japan, Ltd., Japan) at the Central Research Laboratory, Okayama University Medical School, using SYBR ® PreMix ExTaq II (Takara Bio Inc.). The specific primer sequences used are listed were regarded as differentially expressed. Among the differentially expressed genes, 228 were upregulated and 443 were downregulated at 3 h, whereas 238 were upregulated and 546 were downregulated at 6 h (means of results from repeated experiments). An IPA function analysis showed the top three functional groups of genes that were differentially expressed upon tensile stress as follows: at 3 h, i) cellular growth and proliferation, ii) cellular development, iii) cellular movement; at 6 h, i) cellular movement, ii) cellular development, iii) cellular growth and proliferation. Next, we examined the differences in gene expression of the BMP and Wnt family members, and their receptors and antagonists. These families include several members reported as major osteogenic factors inducing the differentiation of MSCs toward osteoblasts (5) . With IPA function analysis, we further searched other differentially expressed extracellular factors that have roles in development of osteoblasts. The factors expressed differentially at least once by 1.5-fold or more in the repeated miused instead of the specific primary antibody.
In the adjacent sections, alkaline phosphatase (ALP) activity was detected according to the azodye method described by Burstone (4). All sections were counter stained with 1% methyl green.
Statistical analysis. Results were expressed as the mean ± standard error (SEM). Differences in the means were analyzed using the Student's t-test, and P values < 0.05 were regarded as statistically significant.
RESULTS

Microarray analysis of differentially expressed genes by tensile stress
We examined the global gene expression profiles on two sets of RNA pools from control (0 g) and tensile-stressed (0.2 g) mouse cranial sutures cultured for 3 h and 6 h, and at these times, proliferation (16) and osteoblastic differentiation (17) were obvious, respectively. Genes with a difference in expression of 1.5-fold or more between the 0 g and 0.2 g groups 
Real-time PCR analysis of differentially expressed genes in microarray data
We focused on several differentially expressed signaling molecules that regulate proliferation and differentiation of MSCs and some components of the ECM that are involved in differentiation of osteo- blasts developed in close contact with each other at the osteogenic front and most of these possessed strong immunoreactivity for Cyr61/CCN1 in their cytoplasm upon tension (Fig. 3D) .
DISCUSSION
We performed a microarray analysis using young cranial sutures to investigate the important regulators of osteoblastogenesis from MSCs stimulated by mechanical stress. The results of the functional analysis of the microarray data suggested increased cell proliferation at 3 h and progressed differentiation at 6 h. These results are consistent with previous reports that used similar experimental systems (16, 17) . Among the osteoblast regulating factors, expression of Cyr61, also known as CCN1, was most greatly increased, and kept increasing with mechanical tensile stress at least up to 6 h. Cyr61/CCN1 is a member of the CCN protein family belonging to the matricellular proteins, and is a non-structural ECM that plays multi-functional roles (24, 30) . It has been shown to play a principal role in osteogenesis by stimulating the migration and differentiation of MSCs into osteoblasts (41, 42) , and by stimulating proliferation and differentiation of osteoblasts in an integrin and BMP dependent manner (43) . The expression of Cyr61/CCN1 is known to be activated in response to mechanical stress at the transcriptional level (6) in several kinds of cells, such as fibroblasts (40) , smooth muscle cells (13) in vitro, and skeletal muscle in vivo (20) . With regard to bone cells and MSCs, only in vitro studies with shear stress have reported the upregulation of Cyr61/CCN1 (19, 21, 48) . This is the first study to show the stimulated expression of Cry61/CCN1 with mechanical tensile stress in the cranial suture tissue where intramembranous ossification is under progress.
Our histochemical analysis revealed that Cyr61/ CCN1 expression was increased in fibroblastic cells and preosteoblasts at the osteogenic front of the tensile-stressed suture. This suggests that Cyr61/CCN1 plays a pivotal role in osteoblastogenesis induced by mechanical tension in the cranial suture. The expression of Cyr61/CCN1 is regulated by Wnt and BMP signaling (35, 42) . Conversely, Cyr61/CCN1 protein stimulates BMP signaling and Wnt signaling to enhance the proliferation and differentiation of osteoblasts (18, 43) . Therefore, it is presumed that increased Cyr61/CCN1 protein expression in preosteoblasts will attract MSCs toward the osteogenic front, and the growth factors and cytokines induced by interaction with Cyr61/CCN1 around the preblasts, and confirmed their expression levels by realtime PCR. The results were normalized to Gapdh to obtain the relative expression for each sample and the means of relative expression (N = 5) are shown in Fig. 2 . The relative expression levels of Bmp4, Bmpr1b and Fst were upregulated with tension ( Fig. 2A,  B, C) . The gene expression level of Bmp4 in the 0.2 g tensile-stressed group was greater at 6 h than at 3 h ( Fig. 2A) . Among the Wnt signaling factors, we chose some of the ligands, receptors, and antagonists that showed relatively greater changes in expression levels for real-time PCR analysis. The increased gene expression levels of Wnt2, Wnt5b, Fz9, and Sostdc1 upon tensile stress were confirmed. However, they tended to decrease at 6 h compared to those at 3 h (Fig. 2D, E, F, G) . Besides, the expression level of another Wnt antagonist gene, Wif1 tended to decrease with tensile stress, but not to a significant level (Fig. 2H) . As for the EGF family, gene expression was upregulated for Areg and Hbegf at 6 h, and for Ereg at both 3 h and 6 h (Fig. 2I , J, K).
Relative expression levels of Areg and Hbegf tended to be lower at 6 h compared to those at 3 h (Fig. 2I,  K) . With regard to the CCN family members and ECMs, gene expression was upregulated for Cyr61/ CCN1, Wisp2/CCN5 and Lgals9 at both 3 h and 6 h (Fig. 2L, N, O) , and for Nov/CCN3 and Ucma at 6 h ( Fig. 2M, P) . The relative expression levels of Cyr61/ CCN1, Wisp2/CCN5 and Lgals9 tended to increase at 6 h compared to those at 3 h upon tensile stress (Fig. 2L, N, O) . The fold change in the expression of Cyr61/CCN1 at 6 h was the greatest (4.4-fold) among all the examined genes (Fig. 2L ).
Immunohistochemical analysis of Cyr61/CCN1 in the mouse cranial suture
We examined the immunolocalization of Cyr61/ CCN1, the expression of which was greatly increased with tension among the osteoblast regulatory factors. Osteoblast development occurs at the osteogenic front in the young cranial suture, and many undifferentiated mesenchymal cells, which usually possess fibroblastic appearance, are found in the middle of the suture (46) . The outer layer of the suture is composed of fibroblastic cells and collagen fibers (Fig. 3A) . In unstimulated control sutures, modest immunoreactivity of Cry61/CCN1 was detected in osteoblasts, preosteoblasts, and in some of the fibroblastic cells (Fig. 3B, C, D) . At 3 h with tension, all the cells in the suture were elongated in the direction of tension, and strong immunoreactivity was detected in a few fibroblastic cells around the bone edges (Fig. 3C) . At 6 h, ALP-positive preosteo-MSCs to osteoblasts (2) and plays a significant role in osteogenic differentiation of adipose-derived stem cells (52) . These reports suggest a specific role for BMP-4 and BMPR-IB in BMP signaling during osteogenic differentiation of MSCs in the suture upon mechanical stimulation. Wnt signaling is known to stimulate the proliferation and osteoblastic differentiation of MSCs (5, 26) . It has been reported that mechanical stimulation regulates the expression of several Wnt signaling components including ligands and receptors in osteoblastic cells in vitro (24, 38) and in vivo (1, 37) . In this study, the gene expression levels of Wnt2, Wnt4, Wnt5B, Fz8 and Fz9 were found to be modestly increased with tensile stress in the microarray analysis. Real-time PCR analysis revealed that gene expression levels of Wnt2, Wnt5B, and Fz9 were upregulated with tension, and that they were higher at 3 h when cell proliferation in progress. Among these, Wnt5B and Fz9 are mediators of non-canonical Wnt signaling and have been reported to exert positive effects on bone formation (7, 12, 15) . This suggests that regulating the expression of these Wnt signaling molecules should play relevant roles in enhancing cell proliferation during the mechanical stress-stimulated bone formation. Meanwhile, the expression of a Wnt antagonist, Sostdc1, was also increased. Sostdc1 antagonizes Wnt signaling by binding to the Wnt co-receptor, low density lipoprotein receptor related protein 5/6 (LRP5/6) (11), and also antagonizes BMP signaling (27) . Recently, it has been reported that Wise (another name of Sostdc1) plays a key role in controlling osteoblast number during skeletal development (11) . Therefore, upregulated Sostdc1 expression may imply a negative feedback response to the accelerated Wnt signaling for regulation of osteoblastogenesis from MSCs upon tension. EGF signaling is involved in bone development by stimulating the proliferation of preosteoblasts and inhibiting their full differentiation (31, 54) . However, little is known about its role in mechanical stressstimulated bone formation. In our study, the expression levels of Areg, Ereg, and Hbegf were increased in the tensile-stressed suture. The cranial suture of young animals contains many MSCs and osteoprogenitors. Therefore, the increased expression of EGF family members should contribute to increasing the number of osteoblasts and maintaining the source of precursors. In summary, during the accelerated proliferation and differentiation process of MSCs into osteoblastic lineage cells in the mouse cranial sutures with osteoblasts would affect those cells to proliferate and differentiate into the osteogenic lineage. Further investigation is needed to clarify the critical role of Cyr61/CCN1 in exerting its effects on osteoblastogenesis in the suture. Another CCN member, Nov/CCN3 is known to play a significant role in skeletal development (55) . Increased gene expression of Nov/CCN3 at 6 h in the tensile-stressed suture may reflect its role as a negative regulator of Cyr61/CCN1 (33) . Moreover, the expression of Wisp2/CCN5, known as a target of Wnt/β-catenin signaling (37) , was also increased with tension. Although little is known about its role in the skeletal tissue, some reports suggest its role in the regulation of MSC differentiation and bone metabolism (14, 22) . Therefore, Wisp2/CCN5 may contribute to regulation of osteoblast differentiation from MSCs.
We also found other tensile stress-induced upregulated ECM genes such as galectin-9 and Ucma. Ucma is a γ-carboxyglutamate (Gla)-containing protein expressed in cartilage and also in bone cells (49) , and has positive effects on differentiation of MC3T3-E1 and nodule formation (25) . However, it does not seem related to osteogenic differentiation of MSCs since the skeletal development of Ucma-deficient mice was found to be normal (10) . Galectin-9 is a kind of lectin and a matricellular protein, which is suggested to affect bone metabolism as a modulator of BMP signaling in vitro (47) . Increasing expression of galectin-9 with tension suggests its consistent role in both proliferation and differentiation of osteoblasts in response to mechanical stress.
In the microarray analysis, expression levels of several components of BMP, Wnt and EGF signaling were changed in the tensile-stressed suture. BMP signaling is known to induce ectopic bone formation in vivo by stimulating osteogenic differentiation of MSCs (5, 26) . In the immature cranial suture, expression of Bmp4 was specifically increased at both 3 h and 6 h with tension, and was greater at 6 h than at 3 h in the tensile-stressed group. This result is consistent with our previous report demonstrating that Bmp4 is expressed in fibroblastic cells and in preosteoblasts at the osteogenic front of the tensilestressed suture (17) . Upregulation of Bmp4 expression has been also reported in other mechanical stimulated bones and osteoblasts (23, 29, 39) . In addition, although there are several reports for the increased expression of BMP receptors with mechanical stress (23, 29) , we found prominent upregulation of BMPR-IB. It has been reported that BMPR-IB is increased dramatically during the differentiation of tensile stress, gene expression levels of some components of BMP, Wnt, and EGF signalings were increased. Moreover we found upregulation of some genes for ECMs, such as Cyr61/CCN1 and galectin-9. The upregulation of Cyr61/CCN1 expression was especially prominent and the protein was mainly increased in preosteoblasts. These results suggest that the role of matricellular proteins, such as CCNs and galectins, should be considered as modulators of growth factors/cytokines for the regulation of osteoblastogenesis from MSCs with mechanical stimuli in vivo.
